Gene duplication and alternative splicing are important sources of proteomic diversity. Despite research indicating that gene duplication and alternative splicing are negatively correlated, the evolutionary relationship between the two remains unclear. One manner in which alternative splicing and gene duplication may be related is through the process of subfunctionalization, in which an alternatively spliced gene upon duplication divides distinct splice isoforms among the newly generated daughter genes, in this way reducing the number of alternatively spliced transcripts duplicate genes produce. Previously, it has been shown that splice form subfunctionalization will result in duplicate pairs with divergent exon structure when distinct isoforms become fixed in each paralog. However, the effects of exon structure divergence between paralogs have never before been studied on a genome-wide scale. Here, using genomic data from human, mouse, and zebrafish, we demonstrate that gene duplication followed by exon structure divergence between paralogs results in a significant reduction in levels of alternative splicing. In addition, by comparing the exon structure of zebrafish duplicates to the co-orthologous human gene, we have demonstrated that a considerable fraction of exon divergent duplicates maintain the structural signature of splice form subfunctionalization. Furthermore, we find that paralogs with divergent exon structure demonstrate reduced breadth of expression in a variety of tissues when compared to paralogs with identical exon structures and singletons. Taken together, our results are consistent with subfunctionalization partitioning alternatively spliced isoforms among duplicate genes and as such highlight the relationship between gene duplication and alternative splicing.
Gene duplication and alternative splicing are important sources of proteomic diversity. Despite research indicating that gene duplication and alternative splicing are negatively correlated, the evolutionary relationship between the two remains unclear. One manner in which alternative splicing and gene duplication may be related is through the process of subfunctionalization, in which an alternatively spliced gene upon duplication divides distinct splice isoforms among the newly generated daughter genes, in this way reducing the number of alternatively spliced transcripts duplicate genes produce. Previously, it has been shown that splice form subfunctionalization will result in duplicate pairs with divergent exon structure when distinct isoforms become fixed in each paralog. However, the effects of exon structure divergence between paralogs have never before been studied on a genome-wide scale. Here, using genomic data from human, mouse, and zebrafish, we demonstrate that gene duplication followed by exon structure divergence between paralogs results in a significant reduction in levels of alternative splicing. In addition, by comparing the exon structure of zebrafish duplicates to the co-orthologous human gene, we have demonstrated that a considerable fraction of exon divergent duplicates maintain the structural signature of splice form subfunctionalization. Furthermore, we find that paralogs with divergent exon structure demonstrate reduced breadth of expression in a variety of tissues when compared to paralogs with identical exon structures and singletons. Taken together, our results are consistent with subfunctionalization partitioning alternatively spliced isoforms among duplicate genes and as such highlight the relationship between gene duplication and alternative splicing.
[Supplemental material is available for this article.] Gene duplication has long been known as an important source of genetic novelty leading to functionally distinct proteins (Ohno 1970) . Alternative splicing, through the differential retention of exonic and in some cases intronic material, likewise generates novel protein sequences (Black 2003) . There are several types of alternative splicing events, including cassette exons, alternative 5 ′ and 3 ′ splice sites, mutually exclusive exons, and intron retention, with cassette exons being the most common in vertebrates. Interestingly, rates of alternative splicing correlate with organismal complexity and it is alternative splicing that bridges the gap between the ∼22,000 genes within the human genome and the more than 100,000 unique proteins that the human genome codes for (Keren et al. 2010) . Given that both alternative splicing and gene duplication increase proteomic diversity, it is not surprising that several investigators have hypothesized that the two processes may be evolutionarily related. One manner in which alternative splicing and gene duplication may be related is through subfunctionalization, wherein an alternatively spliced gene upon duplication partitions distinct splice isoforms among the newly generated daughter genes (paralogs) (Hughes 1994; Force et al. 1999 ). In the context of subfunctionalization, gene duplication substitutes for alternative splicing, thus freeing duplicate genes from the constraints of maintaining multiple functions (Hughes 1994; Hahn 2009 ).
Numerous individual gene case studies provide evidence that alternative splicing and gene duplication may be interchangeable. For example, Yu et al. (2003) demonstrate the subfunctionalization of the duplicated fugu (Takifugu rubripes) gene syn2 by showing that the two copies correspond to distinct isoforms of the alternatively spliced orthologous human gene. In a similar manner, Altschmied et al. (2002) and Hultman et al. (2007) demonstrate the subfunctionalization of the teleost genes mitf and kitl, respectively. Recently, Marshall et al. (2013) show that splice form subfunctionalization is not restricted to vertebrates. They report that in several fungal species two distinct proteins, SKI7 and HBS, are generated from a single alternatively spliced gene. In Saccharomyces cerevisiae, however, these isoforms were partitioned into distinct genes after gene duplication and subsequent subfunctionalization.
In addition to those listed above, several genome-wide studies have examined the relationship between alternative splicing and gene duplication. Kopelman et al. (2005) and Su et al. (2006) provide support for the relationship between gene duplication and alternative splicing by showing that as gene family size increases, levels of alternative splicing decrease. This negative correlation was presumed to be the product of subfunctionalization reducing alternative splicing levels in duplicate genes (Su et al. 2006) . Others, however, have questioned whether the inverse relationship between alternative splicing and gene duplication can be explained by subfunctionalization or whether the negative correlation between the two is even valid (Talavera et al. 2007; Jin et al. 2008; Chen et al. 2011; Roux and Robinson-Rechavi 2011; Grishkevich and Yanai 2014) . Of note, Roux and Robinson-Rechavi (2011) , using a more complete data set than either Kopelman et al. (2005) or Su et al. (2006) , find that the largest gene families display the lowest levels of alternative splicing; however, singletons do not have the highest levels of alternative splicing. In fact, it would seem as though gene families of intermediate size undergo the most alternative splicing. This is difficult to reconcile with the hypothesis that gene duplication can substitute for alternative splicing, but suggests that less stringent purifying selection acting on newly formed duplicates may allow for the acquisition of novel splice forms (Roux and Robinson-Rechavi 2011) . They also argue that the apparent reduction in alternative splicing found in the largest gene families is not due to gene duplication reducing levels of alternative splicing but is the product of a preduplication bias predisposing genes with initially low levels of alternative splicing to duplicate more frequently (Studer and Robinson-Rechavi 2009; Roux and Robinson-Rechavi 2011) .
More recently, we have argued that the signature of splice form subfunctionalization for genes containing alternatively spliced cassette exons before duplication will be duplicate pairs with different numbers of exons. We have demonstrated that in zebrafish and fugu, duplicate pairs with different numbers of exons undergo less alternative splicing than singletons and duplicate pairs with identical numbers of exons. This reduction in alternative splicing is reflected in both the proportion of genes that undergo alternative splicing and mean number of transcripts per gene (Lambert et al. 2014) .
The purpose of this study is to examine the relationship between alternative splicing and gene duplication in light of exon structure divergence after gene duplication on a genome-wide scale, in a variety of vertebrate species.
Results

Exon divergent paralogs undergo less alternative splicing
This study focuses on human (Homo sapiens), mouse (Mus musculus), and zebrafish (Danio rerio). These species were selected because they represent a wide range of vertebrates, and for each there exists a considerable amount of resources, including well-annotated genomes and an abundance of expression data. For each species we compiled a data set that consists of singletons and sibling paralogs (see Methods). Within the three species, between 4% and 26% of all genes are sibling paralogs that have diverged such that they now have different numbers of exons (Fig. 1A) . Such change represents an extreme form of intron/exon structure divergence (Xu et al. 2012) . We refer to these duplicate pairs with nonidentical numbers of exons as exon divergent paralogs. Those sibling paralogs that have retained the same number of exons are referred to as nondivergent paralogs. Previously, we have shown for a subset of genes in zebrafish that exon divergent duplicate pairs undergo significantly less alternative splicing compared with single-copy genes and nondivergent paralogs. Furthermore, by comparing the intron/exon structure of zebrafish paralogs to their alternatively spliced orthologs in human, we demonstrated splice form subfunctionalization (Fig. 1B) for a large portion of the exon divergent duplicate pairs (Lambert et al. 2014) . Here, to test if the effects of splice form subfunctionalization are detectable at the level of entire genomes, we calculated the mean number of transcripts per gene for the singletons and exon divergent and nondivergent paralogs in each of the three species. In every case, the exon divergent paralogs have significantly fewer alternatively spliced transcripts per gene compared with both the singletons and nondivergent paralogs ( Fig. 2A) . In addition, we calculated the proportion of genes that are alternatively spliced, i.e., the fraction of genes with more than one transcript, for each group in each species. Again, we find that the exon divergent group consistently demonstrates a significant reduction in alternative splicing (Fig.  2B) . Although the mean number of transcripts and proportion of genes with more than one transcript are both widely used to measure rates of alternative splicing, Su and Gu (2012) argue that a more accurate measure is the mean number of transcripts per gene, excluding genes with only a single transcript. Calculating levels of alternative splicing in this manner is more sensitive to rare alternative splicing events that likely remain undetected by current sequencing methods. Furthermore, by excluding genes with only a single transcript we eliminate the effects of duplication via retrotransposition, which creates nonalternatively spliced, intronless daughter genes regardless of the alternative splicing status of the parental gene (Kopelman et al. 2005 ). We performed this calculation and found that the exon divergent paralogs still demonstrate the lowest levels of alternative splicing in each species (Supplemental Fig. S1 ). It should be noted that we have included all transcripts, protein coding, and otherwise in these calculations. However, filtering the data set so that only protein coding transcripts are counted did not change the overall pattern. The exon divergent paralogs have the lowest levels of alternative splicing even when only protein coding transcripts are considered (Supplemental Fig. S2 ). Importantly, we find that the nondivergent paralogs consistently display the highest levels of alternative splicing, regardless of which measure of alternative splicing is used.
The above results suggest that gene duplication followed by exon structure divergence, but not gene duplication alone, may lead to a reduction in alternative splicing. However, there are several potentially confounding factors. First, it is known that gene families with many paralogs undergo very low rates of alternative splicing (Kopelman et al. 2005; Su et al. 2006; Jin et al. 2008; Chen et al. 2011; Roux and Robinson-Rechavi 2011) . Therefore, if the exon divergent paralogs are enriched in genes that belong to these large gene families, the importance of exon structure divergence would necessarily be called into question as the association between exon structure divergence and lower rates of alternative splicing may be spurious, due to the influence of gene family size. To test for the effects of gene family size, we compared the number of paralogs per gene for the exon divergent and nondivergent groups. Singletons, by definition, have only one member in each family. Figure 3A shows that the number of paralogs per gene is significantly different between the two groups in each species; however, it is the nondivergent paralogs, rather than the exon divergent paralogs, that have larger mean family sizes. These results indicate that family size is not responsible for the reduction in alternative splicing observed in the exon divergent group.
Another potentially confounding effect is based on the age of the duplication event that created the paralogs. Su et al. (2006) demonstrate that in humans there is a reduction in alternative splicing shortly after gene duplication. This reduction appears to be transient, as increasing time since duplication correlates with increasing levels of alternative splicing (Su et al. 2006; Roux and Robinson-Rechavi 2011) . This means that if exon divergent paralogs are enriched in young duplicates, the influence of duplication age may make it appear as though exon structure divergence between paralogs results in lower levels of alternative splicing. Figure 3B plots the proportions of exon divergent and nondivergent paralogs created during a variety of evolutionary epochs as indicated by Ensembl Compara (Vilella et al. 2009 ). Within each plot, the proportions of divergent and nondivergent paralogs produced at each epoch are strikingly similar. Furthermore, in each species, except humans, there exists an enrichment of nondivergent paralogs in the most recent age categories. In humans, the proportion of nondivergent paralogs is slightly less than the proportion of exon divergent paralogs when considering the most recent duplication ages (Homo sapiens-Hominoidea); however, this excess is only marginally significant (χ 2 = 6.06, P = 0.014). These results demonstrate that exon divergent paralogs are not enriched in young duplicates compared with nondivergent paralogs and that time since duplication is not a confounding factor. Lastly, Grishkevich and Yanai (2014) use several genetic parameters, specifically gene length and expression level, to explain the inverse relationship between gene duplication and alternative splicing. They argue that shorter genes are more likely to duplicate while being less likely to undergo alternative splicing. Likewise, they argue that genes that are expressed at low levels demonstrate low levels of alternative splicing and high rates of duplication. These arguments provide a mechanism for the preduplication bias first proposed by Roux and Robinson-Rechavi (2011) . That is to say, the apparent reduction in alternative splicing found in large gene families is not due to gene duplication, rather it is a consequence of short genes and lowly expressed genes being more likely to duplicate while being less likely to undergo alternative splicing. It is very unlikely that a preduplication bias is present in our data set because in each species only the exon divergent duplicates show any reduction in alternative splicing, while the nondivergent duplicates consistently demonstrate the highest levels of alternative splicing (Fig. 2) . However, to demonstrate that gene length does not produce a confounding effect, we calculated the mean length of each category-exon divergent, nondivergent, and singletonin each species. Were gene length a confounding factor, we would expect the exon divergent paralogs to have the shortest lengths. Contrary to this expectation, we find that in each of the three species, exon divergent paralogs never have the shortest mean length Figure 1 . Gene duplication and exon structure divergence. (A) Stacked bar chart indicating the proportions of exon divergent paralogs, nondivergent paralogs, and singletons in each species. A total of 14,671, 14,445, and 10,115 genes comprise the data sets for human, mouse, and zebrafish, respectively. (B) A model of exon structure divergence. An alternatively spliced gene prior to duplication codes for both a long and a short transcript. After duplication, the long transcript becomes fixed in one of the duplicates, while the short transcript becomes fixed in the other copy. In this way, each duplicate codes for only half of the ancestral alternative splicing repertoire. The dashed lines represent alternative splicing; solid lines, constitutive splicing events that have become fixed after duplication.
(Supplemental Fig. S3 ). Using UniGene expression data we also calculated the mean expression levels for each category in each species. We find that in accordance with Grishkevich and Yanai (2014) , the exon divergent paralogs demonstrate low levels of expression; however, we believe this to be a consequence of subfunctionalization reducing the number of tissues in which the exon divergent paralogs are expressed (see below).
To further demonstrate that our results are not subject to these or any other potential preduplication biases, we queried the level of alternative splicing for all single-copy human genes that are orthologous to the genes that comprise the zebrafish data set. In this manner, the human orthologs serve as a preduplication outgroup, allowing us to approximate the ancestral state (Roux and Robinson-Rechavi 2011) . These human orthologs were categorized based on the duplication state of the zebrafish genes, producing three groups: human orthologs of zebrafish singletons, zebrafish nondivergent paralogs, or zebrafish exon divergent paralogs. If any manner of bias were responsible for the reduction in alternative splicing witnessed by exon divergent paralogs, we would expect the human orthologs of the zebrafish exon divergent paralogs to have significantly lower levels of alternative splicing compared with the human orthologs of the zebrafish singletons or nondivergent paralogs. We find that the opposite is true: The human orthologs of the zebrafish exon divergent paralogs have the highest rates of alternative splicing (Fig. 4) . We performed the same analysis with the mouse data set, again using orthologous human genes as a proxy for the ancestral state, and with human using mouse orthologs as the preduplication outgroup. In neither instance did we find a significant reduction in the levels of alternative splicing for the orthologs of the exon divergent paralogs (Fig. 4) . These results indicate that the reduction in alternative splicing witnessed in the exon divergent paralogs is not the product of a preduplication bias.
Exon divergent paralogs are expressed in fewer tissues
The reduction in alternative splicing seen in the exon divergent paralogs suggests that splice form subfunctionalization may be driving down levels of alternative splicing. If this were true, we would expect the consequences of subfunctionalization to be manifest in other areas as well. For example, along with the partitioning of splice forms, expression profiles may also be divided among subfunctionalized duplicates. In this manner, subfunctionalization will result in duplicate genes with fewer transcripts and more restricted expression profiles. Indeed, shifts in expression after duplication have often been used as evidence for subfunctionalization (Blanc and Wolfe 2004; Casneuf et al. 2006; Duarte et al. 2006; Hellsten et al. 2007; Sémon and Wolfe 2008) . To test if gene duplication followed by exon structure divergence results in the partitioning of expression domains, we analyzed the available UniGene (Pontius et al. 2003) EST expression profiles, which approximate expression patterns inferred from EST libraries. In line with our expectations, we find that in human and zebrafish the exon divergent paralogs are expressed in fewer tissue types than either singletons or nondivergent paralogs (Fig. 5) . In mouse, the exon divergent paralogs are expressed in fewer tissues than singletons; however, there is no significant difference in the number of tissues between exon divergent and nondivergent paralogs. It may be that the reduced expression profiles evidenced in the exon divergent group are simply an effect of exon divergent paralogs possessing fewer transcripts per gene. To test this, we calculated the Pearson's correlation coefficient between the number of Figure 2 . The relationship between exon structure divergence among paralogs and levels of alternative splicing. The exon divergent paralogs demonstrate significantly lower levels of alternative splicing compared to nondivergent paralogs and singletons as measured by mean number of transcripts (A) and the proportion of genes that are alternatively spliced (AS) (B). Student's t-test was used to calculate the significance of the differences in mean number of transcripts. χ 2 was used to calculate the significance of the differences in proportion of genes that are alternatively spliced. The asterisks indicate the significance of the difference as compared to exon divergent paralogs: ( * * ) P < 0.01. Error bars, SEM.
tissues in which a gene is expressed and the number of transcripts a gene produces. We find that these parameters are correlated, however only very weakly (zebrafish r = 0.10, mouse r = 0.16, human r = 0.30), suggesting that a reduction in alternative splicing does not, in and of itself, account for a restricted expression profile.
In addition, to demonstrate that the restricted expression profiles found in the exon divergent paralogs are not simply a consequence of the selected data set, we performed the same analysis using the Electric Genetics/SANBI (Kelso et al. 2003) human gene expression data set. Again, we find that exon divergent paralogs are expressed in fewer tissue types (Supplemental Fig. S4 ).
Structural evidence for splice form subfunctionalization
The correspondence of exon structure between unique copies in a given sibling pair to distinct alternatively spliced transcripts from a preduplication outgroup gene serves as a signature of splice form subfunctionalization. To determine if the exon divergent duplicates maintain this signature of subfunctionalization, we compared the exon structure of a subset of zebrafish exon divergent duplicates to their co-orthologous gene in human, looking specifically for instances in which each duplicate in a given sibling pair shares a common exon structure with distinct alternatively spliced transcripts form the single human ortholog. Despite the fact that the independent gain and loss of introns and exons along each lineage is expected to mask the signature of subfunctionalization, we find that 25% of those tested demonstrate a pattern that is indicative of splice form subfunctionalization (Supplemental Table  1 ). Figure 6 illustrates the splice form subfunctionalization of the gene cyclin M2 (cnnm2) in zebrafish. The human ortholog of cyclin M2, CNNM2, indicates that prior to duplication, the single copy gene coded for both a long and a short transcript. The long transcript contains eight exons and codes for a peptide that is 875 amino acids long. The short transcript contains seven exons and codes for an 853-amino-acid peptide; however, this transcript does not express the sixth exon found in the long transcript. In zebrafish, cnnm2a codes for a single transcript that contains eight exons, all of which correspond to the eight exons found in the long transcript of the human ortholog. The zebrafish paralog of cnnm2a, cnnm2b, shares a nearly identical exon structure with the short human transcript. The differential retention of the human cassette exon in the zebrafish duplicates suggests that the cnnm2 paralogs in zebrafish have been retained due to splice form subfunctionalization. Interestingly, tissue-specific expression patterns of zebrafish cnnm2a and cnnm2b (Arjona et al. 2013) largely mirror the expression patterns of the alternatively spliced transcripts of human CNNM2 (de Baaji et al. 2012 ).
Discussion
In 2005, Kopelman et al. (2005) demonstrated that a negative correlation between alternative splicing and gene duplication exists in the human genome. Later, Su et al. (2006) expanded upon this work and used the asymmetric evolution of alternative splicing between paralogs as evidence for subfunctionalization. Since then, a number of reports have been published that challenge whether the inverse correlation between alternative splicing and gene duplication is a consequence of subfunctionalization. For example, Roux and RobinsonRechavi (2011) invoke a preduplication bias and progressive acquisition of splice forms to explain the inverse relationship between alternative splicing and gene duplication. In a similar manner, Grishkevich and Yanai (2014) suggest that the reduction in alternative splicing seen in large gene families is explained by the propensity of short genes and lowly expressed genes, both of which are less likely to be alternatively spliced, to undergo duplication at higher rates.
Here, by considering exon divergent paralogs apart from other genes, we have focused on those duplicate pairs that are more likely to have been retained via subfunctionalization and as such have more power to detect the consequences of subfunctionalization. It should be noted that we do not argue that all duplicates with different numbers of exons are the product of subfunctionalization. Indeed, recent research suggests that exon structure divergence after duplication is much too common for subfunctionalization to be the single driver of divergence (Xu et al. 2012; Wang et al. 2013) . For example, processes such as intron/exon gain and loss and tandem exon duplication have the Figure 5 . Exon divergent paralogs display restricted expression profiles. Exon divergent paralogs are expressed in fewer tissue types than nondivergent paralogs and singletons in each species. The P-values indicate the significance of the difference as compared to exon divergent paralogs. Student's t-test was used to calculate levels of significance. The asterisks indicate the significance of the difference as compared to exon divergent paralogs: ( * * ) P < 0.01. Error bars, SEM. 
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Cold Spring Harbor Laboratory Press on January 11, 2018 -Published by genome.cshlp.org Downloaded from potential to cause exon structure divergence between paralogous genes but would not necessarily be involved in splice form subfunctionalization. Nevertheless, we argue that changes in intron/ exon structure after duplication should be accounted for, and in doing so we show that paralogs with different numbers of exons undergo the lowest rates of alternative splicing, as measured by mean number of transcripts per gene, as well as the proportion of genes with more than one transcript. We also show that exon divergent paralogs have restricted expression profiles, which is also consistent with subfunctionalization. Additionally, we demonstrate that the reduction in alternative splicing that accompanies exon structure divergence after gene duplication is free of all confounding factors that have previously been used to dismiss the relationship between alternative splicing and gene duplication.
Furthermore, we used the alternative splicing levels of singlecopy orthologs that diverged before duplication to approximate the ancestral preduplication state. In this way, we compared the number of isoforms between human genes that are orthologous to zebrafish singletons, zebrafish nondivergent paralogs, or zebrafish exon divergent paralogs. We find that the human orthologs of the zebrafish exon divergent paralogs display the highest rates of alternative splicing, indicating that the preduplication state may have been enriched in alternatively spliced isoforms. This is compelling evidence in support of our hypothesis that exon divergence subsequent to duplication substitutes for alternative splicing.
It should be noted that by studying paralogs with divergent exon numbers, we have focused on the subfunctionalization of genes that originally contained cassette exons. In truth, paralogs can have the same number of exons and still represent structural variants. However, this pattern indicates that the ancestral state (before duplication and subfunctionalization) included mutually exclusive exons or alternative 3 ′ or 5 ′ splice sites. We chose not to study these other types of alternative splicing because cassette exons represent the most common form of alternative splicing (Sorek et al. 2004; Pohl et al. 2013 ) and because detecting subfunctionalization of alternative 3 ′ and 5 ′ splice sites, as well as mutually exclusive exons, is computationally very difficult. By omitting other types of alternative splicing events, our estimates of the effects of subfunctionalization are likely conservative, meaning that gene duplication may reduce alternative splicing levels even more than reported here.
One point worth making is that the magnitude of the effect of subfunctionalization varies considerably between species. These differences are especially evident when comparing human and zebrafish. For example, in the human data set, alternative splicing levels are reduced nearly 50% when comparing exon divergent and nondivergent paralogs. In zebrafish there is only a 6% reduction. This difference is likely the consequence of the relative contribution of gene duplication and alternative splicing to genome expansion in each lineage. Zebrafish have very high rates of gene duplication (Lu et al. 2012 ) and display very low levels of alternative splicing (Lu et al. 2010) , while the inverse is true for humans (Shoja and Zhang 2006; Keren et al. 2010) . Therefore, it is not surprising that the effects of subfunctionalization will be amplified in a genomic background replete with alternative splicing yet relatively free of duplicate genes, as is the case with the human genome. Another possibility is that differences in gene annotation quality among the three species may be responsible for the differences apparent in our data set. Ensembl's gene annotation pipeline relies heavily on the quality of the genome assembly, which can be assessed in several different ways, including scaffold and contig N50, as well as the number of ESTs and cDNAs aligned to the genome. The human genome has the highest quality assembly with substantially longer scaffold and contig N50 values, as well as many more aligned cDNAs and ESTs than either the mouse or zebrafish genomes. Considering that the human genome has the highest quality annotation, as well as the lowest proportion of exon divergent duplicates, it may be that some of the mouse and zebrafish exon divergent sibling pairs are the product of dubious annotation. However, the human genome demonstrates the largest effect of exon structure divergence between duplicates, meaning that we witness the greatest reduction in rates of alternative splicing in the human exon divergent duplicates. This suggests that any annotation artifacts present in the mouse and zebrafish data set may obscure rather than enhance the effects of splice form subfunctionalization and demonstrates that the reported results of exon structure divergence between paralogs are not the product of poor annotation.
In conclusion, we find that exon divergent duplicate genes undergo the lowest levels of alternative splicing and have restricted expression profiles, which is consistent with subfunctionalization partitioning distinct isoforms among duplicates. Considering that duplicate gene retention via subfunctionalization is thought to be relatively rare (Sémon and Wolfe), it is not surprising that the relationship between gene duplication and alternative splicing was not readily detected in previous genome-wide studies that treated all duplicates as equals.
Methods
Sequence analysis
All sequences were obtained from the Ensembl database release 75. (Cunningham et al. 2015) Ensembl Compara was used to group all genes in each species as either paralogs or singletons. Paralogs in each species were then subject to a species-specific reciprocal BLASTP search in an attempt to locate the most closely related sibling paralogs. BLAST e-values indicate that in each species most sibling paralogs are closely related. For example, 65% of the human, 66% of the mouse, and 74% of zebrafish BLAST e-values for sibling paralogs were below E-100, while 86%, 85%, and 90% were below E-50 in human, mouse, and zebrafish, respectively. Ensembl BioMart (Smedley et al. 2009 ) was used to count the total number of transcripts, the number of protein coding transcripts, and the number of exons for each gene. For independent estimates of the number of exons per gene we used the UCSC Genome Browser (Kent et al. 2002) to query RefSeq. In addition, we used ExoLocator (Khoo et al. 2014 ) to verify exon counts for a subset of genes in each species. Paralogs were classified as exon divergent if none of the transcripts contained equal numbers of exons. Information regarding duplication age, gene family size, and length was obtained directly from Ensembl.
We used Ensembl Compara to identify orthologous preduplication outgroup genes in mouse, with which we tested for a preduplication bias in humans. For the exon divergent and nondivergent paralog groups, we considered only genes that had duplicated since the divergence of human and mouse. We used a BLASTP mutual best hit approach to verify co-ortholog assignments. In this way, we only considered human duplicate pairs that identified a common paralog in mouse by both tree reconciliation and mutual best hit. This same analysis was performed for zebrafish using human single-copy orthologs to estimate the ancestral state and for mouse, again using human orthologs to estimate the ancestral state.
We employed a two-step process to test for structural evidence of splice form subfunctionalization. First, exon sequences of protein coding transcripts for exon divergent zebrafish duplicates, as well as the single human co-ortholog, were aligned using tBLASTx. We used an expected value of 10 −8 as a cutoff for determining homologous exons between species, although most expect values were much lower. We then used BLAT and the UCSC Genome Browser to verify these alignments against both the human genome and the zebrafish genome. This analysis was performed on the 100 zebrafish exon divergent sibling pairs with the most closely related human co-ortholog.
Gene expression
UniGene EST expression profiles were downloaded from UniGene (ftp://ftp.ncbi.nih.gov/repository/UniGene/; April 18, 2014). To estimate expression levels, we queried the profile for each species. In humans, there are 45 potential tissues that serve as sources for cDNA libraries. In mouse and zebrafish there are 43 and 8 potential tissue types, respectively. Following the method of Chain et al. (2011) , we calculated three summary statistics regarding gene expression: total expression levels (T), expression intensity (I ), and evenness (E). The value T measures transcripts per million summed across all tissue restricted libraries in which a gene is expressed (T = Σ L i ). It should be noted that genes that are highly expressed in one or a few tissues will have comparable T-values to those genes that are expressed in many tissues at lower levels. To distinguish between the two, we use the value I, which is calculated as a weighted average of expression levels: I = Σ L i 2 /Σ L i . The value T/I = E indicates the breadth of a gene's expression profile and is used here as a measure of the effective number of tissues in which a gene is expressed.
